DNA is a versatile heteropolymer that shows great potential as a building block for a diverse array of nanostructures. We present here a solution to the problem of designing and synthesizing a DNA-based nanostructure that will serve as the track along which an artificial molecular motor processes. This one-dimensional DNA track exhibits periodically repeating elements that provide specific binding sites for the molecular motor. Besides these binding elements, additional sequences are necessary to label specific regions within the DNA track and to facilitate track construction. Designing an ideal DNA track sequence presents a particular challenge because of the many variable elements that greatly expand the number of potential sequences from which the ideal sequence must be chosen. In order to find a suitable DNA sequence, we have adapted a genetic algorithm which is well suited for a large but sparse search space. This algorithm readily identifies long DNA sequences that include all the necessary elements to both facilitate DNA track construction and to present appropriate binding sites for the molecular motor. We have successfully experimentally incorporated the sequence identified by the algorithm into a long DNA track meeting the criteria for observation of the molecular motor's activity.
Introduction
DNA presents significant advantages as a building block for nanostructured materials, as specific sequences of DNA can be easily manipulated using a large set of biochemical tools and protocols. These can both modify its existing biological functions and design and construct completely novel functionality [1] . In addition to its standard role of encoding genetic information, DNA also possesses unique physical properties that make it amenable for use as a template or material for nanostructures. These include its mechanical stiffness [2] and its ability to self-assemble driven by the specific recognition of complementary bases. Exciting new applications have been designed which exploit the ease of use of DNA. "Nonstandard" DNAs include such examples as DNA origami, in which the directed folding into arbitrary 2-and 3-dimensional shapes is achieved by DNA crosslinks or "staples" [3] . This technique promises immense potential to use DNA as a building block for self-assembled nanopatterning [4] or for presenting an array of substrates for addressable chemical reactions on the single molecule level [5] . Other examples include "DNA spiders," which have been designed to exhibit molecular motor properties [6] [7] [8] [9] , active folds of DNA called aptamers [10] , which can be used as highly sensitive biosensors, and catalytic nucleic acid structures, ribozymes [11] . Another type of structures 2 Journal of Nanomaterials is based on the self-recognition of the DNA base guanine that can generate linear aggregates, termed "G-wires," which have shown promise as the basis of future molecular-scaled electronic devices [12] . Despite the many different designs and applications of these nonstandard DNAs, one common challenge for these uses of DNA is the task of identifying and linking biologically relevant motifs into functional units [13] . This challenge becomes increasingly more complex the further away one moves from an existing biological system to a man-made structure.
In this paper, we report on the design and construction of a periodic one-dimensional DNA track for a novel artificial molecular motor, the tumbleweed (TW) [14, 15] . The tumbleweed is designed to consist of a central hub connecting three different DNA repressor proteins: R A (methionine repressor MetJ (Q44K) [16, 17] ), R B (tryptophan repressor TrpR [18, 19] ), and R C (purine repressor PurR [20, 21] ). Each repressor acts as a foot of the motor that can be made to bind and unbind from its well-defined recognition sequence on the DNA track, depending on the concentration of its specific ligand present in solution [22] [23] [24] . The directionality of stepping is determined both by the order of ligand exchanges and by the spatial order of the recognition sequences A, B, and C on the periodic track. We propose to implement a DNA curtain technique [25] to allow simultaneous measurements of the movement of many TW motors along parallel DNA tracks (Figure 1 ).
On the length scale of the TW step, DNA is not a featureless molecule but presents two distinct sides (grooves) that twist helically around the length of the molecule with an 11 base-pair (bp) pitch. Therefore, one needs to ensure that all three recognition sites present on the same side of the DNA molecule to avoid steric hindrance caused by the motor "corkscrewing" around the DNA track instead of stepping along it. This is especially a concern if the track is on or close to a surface as is typically the case for single-molecule tracking experiments [26] .
The proper sequence, spacing, and spatial orientation of the recognition sites on the track are thus important requirements for the design of the DNA track. In addition, in order to demonstrate motor motion over significant distances, the track needs to be highly repetitive. Furthermore, we need to be able to modify an end of the DNA construct so that it can be anchored and stretched on a surface and form a linear track along which we can observe the movements of the TW motor. A further challenge is presented by the unavoidable drift of the sample on the microscope during the singlemolecule visualization of tumbleweed dynamics. As such, the DNA track needs to incorporate fluorescent fiducial markers at specified intervals that provide a readout of this drift, allowing us to measure the position of the TW relative to the track, thus removing any effect of the movement of the whole sample during the experiment. Lastly, the track has to be designed in a way so that it can be constructed and modified easily and quickly.
Here we present a method for constructing a long DNA track containing a periodic sequence of repressor binding sites. The problem of design is both theoretical-how to find a sequence with the desired properties-and experimentalhow to quickly and economically construct a long, periodic sequence of DNA. This design problem has relevance not only to molecular motor experiments but also to many of the aforementioned applications. Our experimental approach takes advantage of modular "cassette" sequences of the form L(ABC) N R. Each cassette contains N-repeating units of the ordered recognition sequences A, B, and C. We show how cassettes with large N can be generated from a primary cassette with N = 1, by designing well-defined handles on both ends (L, R) of the cassette. The handles also allow us to specifically bind one or both ends of the track to a surface, or to attach the fiducial markers that will be necessary to follow the progress of the TW motor along the track. We, furthermore, describe the development and application of a genetic algorithm used to select an appropriate sequence for this primary cassette, which satisfies the imposed constraints. Finally, we illustrate the incorporation of the sequence selected by the algorithm into a long (>10 μm) DNA track as required for DNA curtains, suitable for visualization experiments of motor dynamics.
Results and Discussion
2.1. Approach. The tumbleweed (TW) motor is designed to be a self-assembled biomolecular complex that can move by rectified diffusion along a DNA track. It consists of a triangular, peptide-based hub connecting three protein-"feet." The hub can be labelled with a fluorophore, a quantum dot, or a small colloidal bead to facilitate detection. Each foot of the TW motor is a DNA-repressor protein, approximately 5 nm in size, that can attach tightly to its DNA recognition sequence in the presence of a specific ligand molecule, and which will release quickly once the ligand is removed. The feet are attached to the hub by means of flexible linkers or "legs," such that the motor can reach the next recognition site on the track and take steps of approximately 11 nm in size ( Figure 1 ). The DNA track provides a one-dimensional substrate along which the TW motor processes by presenting multiple repeats of the A, B, and C recognition sites in the appropriate sequence to allow binding and unbinding of the repressor feet in the presence of the appropriate ligands. The track takes into consideration such factors as appropriate spacing and orientation such that the TW motor steps along one face of the DNA molecule rather than twisting around it. To establish the necessary spacing between the repressor sequences in this ABC unit, models of all three repressors (from crystal structures of the repressors complexed with DNA, namely, PDB structures 1TRO, 1MJM, and 1F5T) were docked to a model of ideal B-form DNA (nucleic acid builder NAB), by performing least squares fits involving all atoms in the DNA portion of the crystal structure. Starting from equal spacing between the binding sites, the repressor models were moved until all resided on the same side of the DNA track. Additional sites are necessary to allow the incorporation of fiducial markers and to provide attachment points by which the DNA molecule can be bound and stretched into a linear track.
DNA Track Design by Genetic Algorithm.
Our first challenge in this project was to develop the necessary tools to find a suitable DNA sequence that incorporates the appropriate repressor binding sequences with the correct spacing and orientation as well as additional sequences necessary for construction of the DNA track. For reasons of flexibility and economy, we decided to follow a bottomup process in which we built the primary cassette de novo from oligonucleotides. The 11 nm stepsize of the TW motor translates into a repeating ABC unit which is 103 bp long. Together with the flanking sequences, which are required for the anchoring, doubling, and amplification of the track, the primary cassette has a total length of 169 bp ( Figure 2 ). 101 bp of the cassette are fully defined by being in a recognition, restriction, or connection site, and 58 are variable, that is, only partly defined or arbitrary. However, only a small subpopulation (p 10 −4 ) of the resulting 2.60 × 10 33 distinct sequences is actually usable for our purpose. Besides the obvious requirement that no additional recognition or restriction sites may be formed by the variable bases, the different parts of the resulting cassette also need to present amenable thermodynamic properties (in our case the melting temperature), be easily constructible from oligonucleotides, and need to be sufficiently dissimilar to each other to minimize deletion and recombination artifacts in later molecular biological steps. An attempt to find a suitable primary cassette by brute force-testing several thousand sequences by randomly selecting the variable bases-did not yield satisfactory results. Unsurprisingly, such a brute force search is feasible only for very short cassettes, as some of the required tests (such as hybridization tests and calculation of the melting temperature) scale superlinearly with sequence length. In consequence, we describe here our implementation of a genetic algorithm [27, 28] to find an acceptable cassette within the search space that meets all the requirements to synthesize the desired DNA track.
Our approach is centered on the design of a primary cassette L(ABC) 1 R, also called K 1 , as shown in Figure 2 where A, B, and C correspond to the repressor binding site sequences and L and R correspond to the left and right handles which facilitate ligation and cassette doubling. An extra sequence, marked as "internal primer," was designed to fit between C and A and contains additional recognition sites, for example, for a fiducial marker. This sequence was not used in the initial experiments.
In order to successfully identify a DNA sequence, a search algorithm is needed that can be employed practically on a large, sparse search space. Appropriately, genetic algorithms are exceedingly well suited for this type of problem [27] [28] [29] . We implemented the algorithm in Octave [30] . The scripts, which are compatible with the commercial MATLAB platform, are available from the authors. The thermodynamic properties of DNA are calculated using the freely available UNAFold suite of programs by Markham and Zuker [31, 32] . In a genetic algorithm, initially random sequences are repeatedly evaluated (scored) according to predetermined properties and restrictions and allowed to recombine according to their score. In our example, the score was the sum of penalties incurred by a sequence. A "high" penalty of 0.05/base was assessed for bases that resided in userdefined sequences exhibiting unsatisfactory thermodynamic properties-that is a melting temperature that deviated 10 • C or more from the target melting temperature (56 • C)-or formed an unwanted restricted or recognition site. If the melting temperature of a subsequence deviated from the target by between 5 • C and 10 • C, or if the same base occurred more than three times in a row, a lower penalty of 0.01/base was used. Additionally, each sequence had a small chance to incur random changes (mutations) in every round. As only the best scored sequences "survive" between rounds, the sequences quickly converge on a solution.
The parameters of the algorithm, that is, the scoring function (see Section 4), the number of sequences in the gene pool (100), the rate of random sequence changes ("mutations," p m = 10 −3 /base), and the magnitude of the penalties, were initially optimized and are now robust. The goal was to set the penalties and mutation rate low enough to ensure, on average, one or less random change per 169 bp sequence, but to make the gene pool large enough to obtain at least one random change per generation in the population. Small populations, or populations with too small penalties, tend to get stuck with nonoptimal results, while too large mutation rate p m or penalties that are too high will not allow the population to retain good sequences. Figure 3 shows a screen shot of the genetic algorithm during its run. Each line in the graph represents one candidate sequence, and the colour indicates the penalty, that is, the deviation from a practical cassette, on a base-pair by base-pair level. Beneficial properties quickly spread in the population (the leftmost handle has a low or no penalty for all candidates). The algorithm usually terminates within 30 cycles and will find a slightly different cassette every time it is run. Right primer Figure 2 : The 169 base-pair design template for a cassette L(ABC) 1 R ≡ K 1 for building a motor track. The template contains an additional sequence, marked "internal primer," which would allow for modification, for example, to attach a fiducial marker. Necessary design elements are noted: brackets mark repressor recognition sequences; arrows represent potential primer sites (also referred to as "handles" in the text); bars show where the template can be cut using restriction enzymes. In addition to the fully determinate bases (ATCG), the template also contains ambiguous bases (N for "any" base, S for a strong base, i.e., C or G). This template describes a total of 2.60 × 10 33 distinct sequences. 
DNA Track Construction.
The algorithm yielded a number of suitable sequences that could be employed to construct the desired DNA track. Table 1 shows the 10 oligonucleotide sequences chosen for the actual construction of the DNA track. Every pair of complementary oligonucleotides forms nonpalindromic single-stranded overhangs that allow it to be ligated to its neighbours. The primary cassette L(ABC)R, which is also referred to as K 1 , was generated by annealing and sequential ligation as described in Section 4 ("Assembly and Amplification of the Primary Cassette," below) and K 1 is 142 bp long and contains a single ABC unit where A, B, and C correspond to the repressor binding sites for MetJ, TrpR, and DtxR, respectively. The primary cassette K 1 was subsequently subcloned into a high copy-number bacterial plasmid (pYIC), thus, creating a primary plasmid pK 1 . Working with a plasmid permits the production of sufficient quantities of DNA, and thus the track itself, by growing it in bacteria. The sequences of the handles L and R were taken from the plasmid itself, to permit easy insertion and subsequent handling.
To observe the movement of the TW motor, the track must be sufficiently long such that it contains multiple copies of the ABC repeat along which the TW motor can move. In order to construct the long track, we made use of the L and R handles flanking the ABC repeat which each carry important restriction sites. A digest of the plasmid pK N (where N stands for the number of ABC repeats in the plasmid) using the restriction enzymes NdeI and BbsI linearizes the plasmid and excises a short, unneeded 14 base-pair region in the left handle. Digesting a pK N plasmid instead with NdeI and BsaI excises the K N cassette. This can then be ligated into the linearized plasmid to form a new, circular plasmid DNA containing a doubling of the ABC unit ( Figure 4 ). The localization of the enzyme recognition and restriction sites are shown in Figure 2 . After each doubling, the new plasmid was directly subcloned into the chemically competent E. coli strain DH5α for amplification (see Section 4) . We have taken care to design the template such that the restriction sites are maintained exclusively at the ends of the cassette in this doubling process so that this step can be repeated. Thus, starting from pK 1 , after only 5 doubling steps, we can go from a 30 nm (ABC) 1 track to a plasmid pK 32 which contains 32 copies of the ABC repeat and measures over 1 μm.
One difficulty raised by this doubling scheme is the repetitiveness of the track itself. Bacteria do not usually tolerate repetitive sequences and tend to remove them from plasmids rather efficiently [33] . The decision to choose DH5α was based on its tolerance for DNA repeats due to its lack of the recA protein that is responsible for recombination of homologous (repeating) sequences of DNA. Figure 5 shows plasmids ranging from pK 1 to pK 32 double-digested with BbsI and BsaI. These restriction enzymes have their recognition sites in the left and right handle regions and thus excise the (ABC) N cassette as a whole from the plasmid (and also generate two fragments of constant length 1221 Table 1 : Sequence of the individual oligonucleotides used to construct the repetitive TW track; the top oligo of each pair is shown 5 → 3 , while the complementary strand is shown in reverse 3 → 5 direction. Bold bases indicate the recognition sites for the TW protein feet. This primary cassette K 1 is shorter than 169 bp because it does not contain the sequence for the fiducial marker shown in Figure 2 . and 2120 bp). The cassettes show up as bands of increasing molecular weight in lane 1 to 6 of Figure 5 . The cassette in lane 7, which was expected to be pK 32 , appears shortened and demonstrates that highly repetitive constructs can become unstable even in DH5α, highlighting the need for vigilant monitoring of the constructs at each doubling step. After obtaining a sufficiently long (ABC) N cassette in a plasmid, two steps remain to obtain a proper DNA track for our TW motor: modification of the handles to allow us to anchor the track to a surface and the attachment of fiducial markers.
For our initial experiments, we utilized the pK 8 plasmid, as it was determined to be stable in our chosen bacterial system and at the same time contained enough repeats of the ABC unit to provide a sufficient number of binding and unbinding steps by the TW motor. We propose to use DNA curtains [25] to stretch many DNA molecules in parallel and observe movement of TW motors along the tracks (Figure 1 ). The K 8 motif, however, is too short to be stretched as a DNA curtain, as this typically requires DNA which is more than 10 μm long. We, therefore, lengthened the K 8 track from 250 nm to 14 μm by attaching long DNA handles derived from lambda DNA to the ends of the track. Lambda DNA is approximately 16 μm long, contains a number of restriction sites which facilitate the insertion of the TW DNA track, and, importantly, does not contain repressor binding sites which could compete for binding with the TW motor. DNA curtains technology additionally requires a biotin tag at one end of the DNA molecule. Biotin is used to attach the DNA to a lipid bilayer via streptavidin (Figure 1 ; see Section 4.3 for details). The success of the ligation and end modification by biotinylation using a labelled primer was confirmed by agarose gel electrophoresis and blotting ( Figure 6 ).
The TW motor itself will be labelled to visualize the motor dynamics. However, unless the track is also fluorescently labelled, it would be difficult to establish that the TW motor is stepping along the track rather than simply appearing to move because of drift of the sample. Fluorescent markers are thus incorporated into the DNA track to flank the L(ABC) N R motif. These act as fiducial markers to provide fixed reference points against which the movement of the TW motor is monitored. Here, we design a fiducial marker consisting of a highly fluorescent 300 bp region of DNA. Fiducial markers flanking a 32-repeat 1 μm) . The use of a shorter ABC repeat sequence would result in fiducial marker sites that are closer together and are therefore difficult to resolve by fluorescence microscopy. The preliminary track built on the (ABC) 8 repeat sequence has the fiducial markers incorporated within the Lambda DNA handles to ensure resolution of the markers. The fiducial marker is generated by PCR and subsequent click chemistry to incorporate fluorophores. The natural deoxythymidine triphosphate is fully replaced with an alkyne-modified deoxyuridine triphosphate during PCR amplification to generate a 300 bp DNA product incorporating 151 alkyne groups. The primers used to generate the 300-base pair DNA products were designed such that alkyne-modified deoxynucleotides are not incorporated into the restriction sequences which flank the two ends of the DNA. It is possible that alkyne modification at the restriction site could affect digestion and/or ligation. As such, EagI and PspOMI (recognition sequences-EagI CGGCCG; PspOMI GGGCCC) were chosen since these restriction sequences lack alkyne-modified bases following PCR amplification. Furthermore, these two restriction enzimes produce compatible stocky ends allowing end-to-end ligation of the 300-base pair pieces should a longer fiducial marker sequence be necessary. They also permit ligation into existing restriction sites flanking the (ABC) N cassette. Fluorescent DNA is generated by click chemistry between the alkynelabelled DNA and azide-labelled carboxyrhodamine-110. When the fluorophore was added in 10-fold excess relative to alkyne (1500 equivalents per DNA molecule), the resulting highly fluorescent DNA exhibited unusual physicochemical properties as previously observed [31] . The DNA did not stain with ethidium bromide nor migrate as expected by agarose gel electrophoresis. When the amount of fluorophore was reduced to 10 mole equivalents per mole equivalent DNA, the fluorophore-modified DNA migrated as expected on an agarose gel and could be detected by both ethidium bromide staining and fluorescence. Alkyne-labelled DNA ran slightly slower on a 1% agarose gel relative to control samples (Figure 7) . It is possible that fluorophore-modified DNA will be more difficult to incorporate at fiducial marker sites than alkyne-modified DNA due to the greater steric bulk of the fluorophore which may hinder digestion and/or ligation. Should this prove the case, alkyne-modified DNA will be ligated into the fiducial marker sites followed by click chemistry to introduce the fluorophore label. Alkyne-modified DNA has been successfully ligated in tandem demonstrating that the restriction enzymes EagI and PspOMI and T4 DNA ligase retain the ability to digest and ligate alkyne-modified DNA (Figure 8 ).
Conclusions
We have presented the de novo design and implementation of an extended one-dimensional DNA track for use in single-molecule experiments. For this goal, we have adapted molecular biology protocols which have allowed us to modularly construct, amplify, and extend a functional repetitive DNA track to a length of several micrometres. This track is amenable for modification and contains an anchoring point to the surface and fluorescent fiducial markers. Even though we introduce a specific application, the methods described in this paper are widely applicable to the construction of custom-made one-dimensional nanostructures based on DNA. At the heart of the paper is a computational toolbox that uses a heuristic search program, based on a genetic algorithm, to quickly and reliably identify suitable long DNA sequences with a set of specific structural, molecular biological, and thermodynamic properties from within the exceedingly vast, sparse space of possible DNA sequences. Our results show that by artful combination of established molecular biology techniques and targeted design using appropriate algorithms, completely new nanostructures with novel, not necessarily biological functions can be constructed from this versatile polymer.
Methods

4.1.
Design of the Primary DNA Cassette. The genetic algorithm was implemented as a set of scripts in the freely available mathematical environment Octave [34] that is compatible with MATLAB (Mathwork, Natick, MA, USA). Thermodynamic properties of the DNA sequences of interest were established using an external application, UNAFold [31, 32] .
At the heart of the genetic algorithm lies a template string that describes the general layout of the required DNA sequence using the upper-case one-letter codes. The allowed alphabet contains the standard bases "A," "T," "G," and "C", the IUBMB definitions for incompletely specified nucleobases [35] , and the additional character "Q" indicating a nonbinding base. The template is divided into immutable "sequence features," which include defined base sequences such as recognition or restriction sites, and "subsequences," for which thermodynamic properties (entropic and enthalpic contributions to the binding energy, formation of secondary structures, or melting temperature T M ) can be defined. Subsequences can also be required to be unique, in which case the subsequence is tested for "substantial similarity" by calculating the relative difference in melting temperatures between the subsequence with its complement and with the rest of the template. A set of "restricted sites" (recognition and restriction sites) can be defined that must not occur anywhere but in predefined positions on either strand of the template. Restricted sites are again defined using the same upper-case one-letter codes for nucleobases as in the case of the template. The use of regular expressions [36, 37] is permissible.
The genetic algorithm starts with a set of n candidate sequences (user defined; typically n ∼ 100) that conform to the sequence features specified for the template (see Figure 2 for the requirements of our template). Each candidate sequence is scored by applying penalties to bases that reside in subsequences exhibiting unsatisfactory thermodynamic properties (a melting temperature T M outside a set range, or which are too similar to other parts of the track), form additional restriction or recognition sites, or are repetitive ( Figure 3 ). The penalties are user defined and are typically graduated (high penalty, low penalty), to generate gradual convergence towards a satisfying sequence. Sequences in the lowest quartile survive and all sequences with higher penalty scores are deleted. The surviving sequences have then a small probability of mutation, proportional to the penalty assessed, typically at most 1 mutation per template, and are used to generate a new set of n candidates by random crossover. The algorithm terminates if a sequence without penalties is found, or if a set number of iterations (typically 50) is exceeded. The sequence chosen by the genetic algorithm and used in our experiments is shown in Table 1 .
The collection of scripts is freely available from the authors.
Construction of the Primary Cassette
Assembly and Amplification of the Primary Cassette.
The TW track was constructed modularly from a set of 10 oligonucleotides (Table 1 : integrated DNA technologies). Each oligonucleotide was phosphorylated using T4 polynucleotide kinase (New England Biotech, NEB, Ipswich, MA, USA), following the manufacturer's protocol. Complementary oligonucleotides were annealed by heating to 85 • C, followed by slow cooling (ΔT = 0.6 • C/min) to room temperature to generate five double-stranded DNA components. Three of these components correspond to the binding sites of the MetJ, TrpR, and PurR repressor proteins used in the TW motor and are denoted A, B, and C. The remaining two DNA components consist of sequences which permit subcloning and cassette doubling and are labelled L and R. The five components were ligated in the appropriate order using T4 DNA ligase (NEB). Products of each sequential ligation were separated by agarose gel electrophoresis, and bands of appropriate length were recovered using a commercial extraction kit (QIAGEN).
The primary cassette L(ABC) 1 R ≡ K 1 was then ligated into a high copy-number plasmid (pYIC, Addgene plasmid 18673) using unique AflII and NdeI (NEB) restriction sites.
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This generated the primary plasmid, pK 1 , containing the cassette K 1 (one repeat of the ABC sequence).
Plasmids pK 1 were transformed into the DH5α strain of E. coli (Invitrogen) according to the manufacturer's protocol and were selected at 37 • C on LB-agar plates supplemented with 25 μg/mL kanamycin. Following cell growth in liquid LB-kanamycin medium, plasmids were purified using a miniprep kit (QIAGEN). Correct incorporation of cassettes was confirmed by restriction assays (Figure 4 ) and sequencing (MWG Operon, Huntsville, AL, USA).
Doubling of Cassettes.
The doubling of the cassette is illustrated schematically in Figure 4 . To double the length of the (ABC) repeating unit, the pK 1 plasmid was doubledigested with either BbsI and NdeI (donor) or NdeI and BsaI (recipient) (all enzymes: NEB). Appropriately sized fragments were gel purified (QIAGEN). Donor and recipient were ligated together, and the new construct (pK 2 plasmid) was transformed into DH5α cells as described above. This process was repeated to generate pK 4 , pK 8 , pK 16 , and pK 32 plasmids.
Track Elongation and
Biotinylation. pK 8 plasmid (4179 bp) was digested with EagI and RsrII (NEB) to generate two fragments, of which the 3573 bp was gel purified. Lambda DNA (NEB) was digested with PspOMI to generate a 38416 bp fragment which was isolated by agarose gel electrophoresis and extraction (agarose gel-digesting preparation, GELase). This was subsequently ligated to the purified 3573 bp fragment of the pK 8 plasmid using the compatible cohesive ends from the PspOMI and EagI digest.
A biotin tag was introduced into the construct by using the 5 -GAC overhang, produced by initial digestion of the pK 8 plasmid with RsrII, and ligation to a short stickyended duplex DNA made from oligonucleotide 5 -biotin-CGGCATCAGAGCAGATGAC-3 and its complement 5 -ATCTGCTCTGATGCCG-3 . To probe for the presence of the biotin tag on the construct, the sample was run on a 0.7% TBE agarose gel to separate the construct from any unligated short oligonucleotides, then transferred to a nitrocellulose membrane (Trans-Blot, Bio-Rad). The membrane was washed and blocked (with 2% BSA in 1X DPBST + 0.1% Tween) and probed according to the manufacturer's protocol with horseradish peroxidase-conjugated streptavidin ( Figure 6 ).
Labelling of a DNA Track with Fiducial Markers
Preparation of 300
Base-Pair Alkyne DNA. A 300 bp DNA product which incorporates alkyne-modified deoxynucleotides was prepared following a literature protocol [38] . Briefly, PCR amplification of pUC19 plasmid DNA was performed using the following primer pairs: 5 -ATGCTTCGGCCGTATGCGGTGTGAAA-3 and 5 -TCTTATGGGCCCTGTGGAATTGTGAG-3 . These primers generate EagI and PspOMI restriction sites at the two ends of the PCR product. In the PCR reaction mixture, the natural dTTP was replaced with the alkyne-modified deoxynucleotide analog, C8-alkyne-dUTP (Jena Bioscience). DNA was amplified using Pwo polymerase (Roche). Products of PCR reactions were purified using the QiaQuick PCR purification kit (QIAGEN), and their size was confirmed by agarose gel electrophoresis. Alkyne-labelled DNA ran slightly slower on a 1% agarose gel relative to control samples (Figure 8 ).
Preparation of Carboxyrhodamine 110-Labelled DNA.
To 1 pmol of alkyne-labelled, 300-base pair DNA was added 10 pmol of azide-fluor 488 (carboxyrhodamine 110-PEG3azide, Jena Bioscience). Quantitative incorporation of the fluorophore would result in one fluorophore per 30 bp of sequence. The reaction was catalyzed by the addition of copper (II) sulphate (0.5 mM) and ascorbic acid (0.5 mM) in the presence of 0.5 mM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine (TBTA) in 50% DMSO according to a manufacturer's protocol (Lumiprobe). TBTA was added to protect the DNA from Cu(I)-mediated DNA strand breaks [39] . The reaction was incubated at room temperature for 1 hour with rotary mixing. A control reaction, in which the DNA contained all natural bases and no alkynes, was similarly treated. The reaction mixture was purified by ethanol precipitation using glycogen to aid precipitation. Appropriate labelling of the alkyne DNA was confirmed by running the sample on a 1% agarose gel and scanning the gel at 532 nm and monitoring emission at 555 nm (555/20 nm band-pass filter, Figure 7 ).
Ligation of Alkyne-Labelled DNA.
Alkyne-labelled 371 bp DNA was generated by PCR using the following primers which are modified from those described above in order to further exclude alkyne-labelled nucleotides from the vicinity of the EagI and PspOMI recognition sites: 5 -TTGCTTCGGCCGTTGTACTGAGAGTGCACC-3 and 5 -TCTTGTGGGCCCTGTGGAATTGTGAGCG-3 . Alkynelabelled DNA was digested using either EagI or PspOMI. After product clean-up (PCR purification kit, QIAGEN), a self-ligation reaction of each batch was run using T4 DNA ligase. Ligation products were run on a 1% agarose gel to confirm ligation and were compared with the self-ligations of EagI-and PspOMI-digested DNA from control 371 bp fragments lacking the alkyne modification ( Figure 8 ).
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